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Abstract 
The genomes of two historical Bacillus species strains isolated from the roots of oilseed rape and 
used routinely in China as biocontrol agents to suppress Sclerotinia disease were sequenced. 
Average nucleotide identity and digital DNA-DNA hybridization analyses demonstrated that they 
were originally mis-classified as Bacillus subtilis and now belong to the bacterial species Bacillus 5 
velezensis. A broader ANI analysis of available Bacillus genomes identified 292 B. velezensis 
genomes that were then subject to core-gene analysis and phylogenomics. Prediction and de-
replication of specialised metabolite biosynthetic gene clusters (BGC) defined the prevalence of 
multiple antimicrobial associated BGCs and highlighted the natural product potential of B. 
velezensis. By defining the core and accessory antimicrobial biosynthetic capacity of the species, 10 
we offer an in-depth understanding of B. velezensis natural product capacity to facilitate choosing 
and testing B. velezensis strains for use as biological control agents. 
 
Impact Statement 
This study re-visits two historically successful biocontrol Bacillus strains and applies genomics and 15 
bioinformatics to re-classify the strains as Bacillus velezensis. B. velezensis is a promising plant 
growth-promoting and biocontrol species, as such, a deeper understanding of the specialised 
metabolite potential would be of benefit to the agricultural research community. We assess the 
specialised metabolite potential of 292 B. velezensis genomes via a biosynthetic gene cluster 
prediction and de-replication strategy. This builds on existing knowledge by providing a holistic 20 
view of the prevalence of multiple antimicrobial associated gene clusters and defines the core 
and accessory gene clusters of the species. Our study offers a comprehensive analysis of B. 










Phytopathogens are a major constraint to global food production, causing plant disease in the 
field and during post-harvest storage. The over-reliance on synthetic pesticides in modern 
agriculture and the damage they cause to soil fertility, the accumulation of toxic residues and the 
emergence of pathogen resistance has led to a need for more sustainable disease management 
practices (Compant et al., 2005). Biological control of plant pathogens using naturally occurring 35 
antagonistic microorganisms (biopesticides) is one such practice, and recently has had a renewed 
research interest due to the necessity for environmentally friendly alternatives (Fira et al., 2018). 
Several microorganisms have been developed as biopesticides and used routinely in the field, 
and among the most successful are members of the Bacillus subtilis species complex, known to 
suppress disease caused by bacterial, fungal, viral and nematode plant pathogens (Hu et al., 2005, 40 
Borriss, 2011, Fira et al., 2018, Rabbee et al., 2019). 
 
The important B. subtilis species complex (Fritze, 2004) includes around 20 closely related species 
(Fan et al., 2017) and belongs to the phylum, Firmicutes. However, their taxonomy is notoriously 
difficult to discriminate based on traditional phenotypic and 16S rRNA gene sequencing methods 45 
(Reva et al., 2004; Fan et al., 2017). For example, comparison of the complete 16S rRNA gene 
sequences of B. amyloliquefaciens DSM 7T and B. subtilis 168T revealed >99% sequence identity 
(Fan et al., 2017). Recently, the taxonomy of the B. subtilis species complex has been updated 
and clarified through genomic analysis (Rooney et al., 2007; Dunlap et al., 2015, Dunlap et al., 
2016, Fan et al., 2017). The complex now includes four monophyletic groups: clade I “B. subtilis 50 
group”, clade II “B. amyloliquefaciens group”, clade III “B. licheniformis group” and clade IV “B. 
pumilus group” (Fan et al., 2017). The clade II “B. amyloliquefaciens group” contains strains that 
are more proficient at rhizosphere colonization and biocontrol than other members of the B. 
subtilis species complex (Reva et al., 2004; Hossain et al., 2015), and average nucleotide identity 
(ANI), digital DNA-DNA hybridization (dDDH) and core-gene phylogeny demonstrate that clade II 55 
comprises of three discrete but closely related species: B. amyloliquefaciens, B. velezensis, and 




From the biotechnological point of view, a key feature of the “B. amyloliquefaciens group” is their 
diverse metabolism and the ability to produce a wide range of different antagonistic compounds 60 
resulting in a broad antimicrobial activity (Fira et al., 2018; Chun et al., 2019; Dunlap et al., 2019). 
The model biocontrol bacterium B. velezensis FZB42 (formerly B. amyloliquefaciens subspecies 
plantarum) has a large part of its genome dedicated to the synthesis of specialised metabolites, 
with the capability to produce numerous structurally diverse antimicrobial compounds, including 
cyclic lipopeptides (e.g. surfactin, bacillomycin-D, fengycin, bacillibactin), polyketides (e.g. 65 
macrolactin, bacillaene, difficidin), siderophores and bacteriocins (Chen et al., 2009, Rückert et 
al., 2011, Fan et al., 2018; Rabbee et al., 2019). In comparison with B. amyloliquefaciens and B. 
siamensis, the species B. velezensis has a higher number of biosynthetic genes involved in 
specialised metabolite production (Fan et al., 2017; Chun et al., 2019). 
 70 
In this study we aimed to sequence the genomes of two important Bacillus species strains (BY-2 
and Tu-100) used routinely in China as biocontrol agents of the pathogen Sclerotinia 
sclerotiorum of oilseed rape (Hu et al., 2019), a disease of major importance in China (Derbyshire 
& Denton-Giles, 2016) with annual yield losses of 10 to 80% (Hu et al., 2019). Previously both 
strains had been identified as Bacillus subtilis (Hu et al., 2011, Hu et al., 2014), but via genomic 75 
analysis we have revised their taxonomic status within the Bacillus subtilis species complex as B. 
velezensis positioned in clade II “B. amyloliquefaciens group”. In addition, the two biocontrol 
strains were analysed for their specialised metabolite biosynthetic potential via genome mining 
alongside 290 additional B. velezensis genomes. Understanding the intricacies of the 
antimicrobial repertoire within B. velezensis will allow improved biocontrol formulations and 80 




Bacillus strains BY-2 and Tu-100 were originally isolated from the internal root tissues (Jiang et 85 
al., 2007) and the rhizosphere (Hu et al., 1992), respectively, of oilseed rape (Brassica napus) 
plants grown in field plots located in Wuhan, Hubei Province, China. Both strains were shown to 
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control Sclerotinia sclerotiorum disease on oilseed rape (Hu et al., 2005, Hu et al., 2011, Hu et al., 
2014). Strains were routinely maintained in lysogeny broth (LB) (Miller, 1972) supplemented with 
streptomycin (50 µg ml-1) and rifampicin (50 µg ml-1) for BY-2 and kanamycin (30 µg ml-1) and 90 
rifampicin (50 µg ml-1) for Tu-100 to prevent contamination; BY-2 and Tu-100 are naturally 
resistant to these antibiotics at these concentrations. Strains BY-2 and Tu-100 are held in the 
Agricultural Culture Collection of China (Beijing, China) as ACCC 06137 and ACCC 05846, 
respectively. 
 95 
Genome sequencing, assembly and annotation 
Strains BY-2 and Tu-100 were grown in LB at 28°C in 250 ml volume Erlenmeyer flasks and shaken 
at 150 rpm for 48 h. Genomic DNA was then extracted using a modified cetyltrimethylammonium 
bromide (CTAB) extraction method as previously described (Wang & Hong, 2010), and DNA 
concentration, quality and integrity was determined with a Qubit Fluorometer (Invitrogen) and a 100 
NanoDrop Spectrophotometer (Thermo Scientific). Sequencing libraries were generated using 
the TruSeq DNA Sample Preparation Kit (Illumina) and the Template Prep Kit (Pacific Biosciences, 
USA). Whole genome data was then generated using an Illumina NovaSeq (paired-end, 2× 150 
bp) sequencing platform and a PacBio sequel system at Wuhan Yanxing Biotechnology Co., Ltd. 
(Wuhan, China). PacBio reads were assembled into contigs by HGAP v4 implementing CANU 105 
v1.7.1. Contigs were then polished with Pilon v1.18 using the illumina reads. Genes were 
predicted by GeneMarkS v4.32 (Besemer, 2001) and classified using eggNOG v5.0 (Huerta-Cepas 
et al., 2019) according to the clusters of orthologous groups (COG) functional classification. A 
genome map was drawn from coding sequences (CDS) and non-coding RNA predictions using the 
CGView server (Grant & Stothard, 2008) by Wuhan Yanxing Biotechnology Co., Ltd. (Wuhan, 110 
China). 
 
Genomic data source and analysis 
All genomes submitted as Bacillus (Taxon ID 1386) were downloaded from the European 
Nucleotide Archive (ENA) using the ENA enaBrowserTools interface scripts 115 
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(https://github.com/enasequence/enaBrowserTools). Analyses were performed using the Cloud 
Infrastructure for Microbial Bioinformatics (CLIMB) (Connor et al., 2016).  
 
Phylogenomics of B. velezensis 
B. velezensis genomes were identified by comparing downloaded Bacillus genomes to the B. 120 
velezensis type strain NRRL B-41580T using the average nucleotide identity analysis tool FastANI 
v1.2 (Jain et al., 2018). Genomes with an ANI value ≥95% were further verified using the 
alignment based (ANIm) ANI tool pyani v0.2.9 (Pritchard et al., 2016) implementing a 95% ANI 
species threshold (Richter & Rosselló-Móra, 2009; Jain et al., 2018). Genomes were annotated 
using Prokka v1.14.5, and the annotation files used to generate a core-gene alignment with Roary 125 
v3.13.0 (Page et al., 2015) implementing MAFFT v7.455. A maximum likelihood phylogeny was 
constructed using RAxML v8.2.12 with a GTR substitution matrix and GAMMA model of rate 
heterogeneity supported by 100 bootstraps. In addition, the Type (strain) Genome Server (TYGS) 
bioinformatics platform (https://tygs.dsmz.de) was used for whole genome-based taxonomic 
analysis of BY-2, Tu-100, FZB42 and KACC 13105 against type strains (Meier-Kolthoff & Göker, 130 
2019). This platform provides both species assignment and digital DNA-DNA hybridization (dDDH) 
values to the closest type strain genomes available. The dDDH values (Supplementary Table 1) 
used in this study were calculated using formula d4 (sum of all identities found in high-scoring 
segment pairs (HSP) divided by overall HSP length (Meier-Kolthoff et al., 2013). Formula d4 is 
preferred as it is independent of genome length and robust against the use of incomplete draft 135 
genomes. 
 
Biosynthetic gene cluster prediction and de-replication 
Specialised metabolite biosynthetic gene clusters (BGCs) were predicted for B. velezensis 
genomes with antiSMASH 5.0.0. A k-mer based de-replication of BGCs was performed as 140 
previously described (Mullins et al., 2019). In brief, a pairwise comparison of BGC k-mers was 
achieved using the distance estimation tool Mash v2.2.2 with a variable distance threshold. 
Predicted BGCs with a sequence length below 6 kbp were excluded as these likely represented 
BGCs fragmented across multiple contigs. Due to the adjacency of the iturin BGC and fengycin 
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BGC in B. velezensis genomes, a local blastn v2.9.0+ search was performed to confirm their 145 
distribution. 
 
In vitro fungal inhibition assays 
Bacillus strains BY-2 and Tu-100 were grown in LB at 28°C in 50 ml volume Erlenmeyer flasks and 
shaken at 150 rpm. After 48 h, growth bacteria were removed by centrifugation (5,000 rpm for 150 
10 mins; Eppendorf centrifuge 5427 R) and the spent media containing bacterial metabolites was 
sterilized using a 0.2 µm sterile filter. In vitro fungal inhibition assays were then conducted on 20 
ml potato dextrose agar (PDA) contained in 9.0 cm plastic Petri dishes. Four holes were cut out 
of the PDA using a 5.0 mm diameter corer at equal distance around the outer part of the plate. 
To each assay plate (3 replicate plates per fungi tested), the holes were filled with (i) 100 µl of 155 
Iturin A (1.0 mg ml-1), (ii) 100 µl of BY-2 media, (iii) 100 µl of Tu-100 media, and (iv) 100 µl of 
water as a control. A 5.0 mm diameter plug of leading-edge growth of Sclerotinia sclerotiorum 
strain Ss-1 and Rhizoctonia solani strain Rs-2 was placed in the center of the four treatments. 
Assay plates were incubated for a further 48 hours at 22°C (S. sclerotiorum) or 28°C (R. solani), 
and the distance between the edge of the fungal colony and treatment was measured and 160 
averaged per plate. 
 
Results and Discussion 
Re-classifying Bacillus subtilis strains BY-2 and Tu-100 as B. velezensis 
The species classification of Bacillus strains BY-2 and Tu-100 was determined by comparing their 165 
genomes to more than 4,800 Bacillus genomes using a k-mer ANI analysis. Both BY-2 and Tu-100 
were similar (≥95% ANI) to Bacillus genomes classified as B. velezensis. To confirm this 
classification, BY-2 and Tu-100 genomes were further compared by alignment-based ANI, digital 
DDH, and core gene phylogenomics to type strains of the “B. amyloliquefaciens” clade (Fan et al., 
2017) and B. velezensis strains formerly classified as different species (Fig. 1; Supplementary 170 
Table 1). All three genome comparison methods gave congruent results and confirmed the 
placement of BY-2 and Tu-100 with B. velezensis, separate from other members of the “B. 
amyloliquefaciens” clade and the outgroup B. subtilis ATCC 6051T. 
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The B. velezensis BY-2 and Tu-100 genomes 
The genomes of B. velezensis strains BY-2 and Tu-100 consisted of one single circular 175 
chromosomal replicon of 3.97 Mbp and 3.95 Mbp in size, respectively, with a G + C content of 
46.5% (Fig. 2; Supplementary Table 2), and each also contained one 0.2 Mbp plasmid 
(Supplementary Fig. S1). The genome metrics of both strains fitted within the size range of 3.81 
Mbp to 4.24 Mbp and 45.9% to 46.8% GC reported for other completed genomes of B. velezensis 
(Grady et al., 2019). The BY-2 and Tu-100 genomes were predicted to carry 3,915 and 3,893 180 
genes, respectively, of which approximately 85% (3,328 and 3,309 CDS, respectively) were 
classified as protein coding sequences with COG function (Supplementary Table 3). Both BY-2 and 
Tu-100 carried 114 (2.9%) and 108 (2.8%) rRNA/tRNA coding genes, respectively, representing 9 
and 8 copies each of the rRNA operon genes (5S, 16S and 23S rRNA genes; Fig. 2). The most 
abundant COG functions in the genomes of BY-2 and Tu-100 were associated with metabolism, 185 
and the proportion of genes related to metabolic functions were 36.7% (1220/3328) and 36.6% 
(1211/3309) of genes classified, respectively (Supplementary Table 3). Specific functions of 
transcription (K), amino acid transport and metabolism (E), carbohydrate transport and 
metabolism (G), and cell wall/membrane/envelope biogenesis (M) were the most abundant COG 
categories in the genomes (Fig. 2; Supplementary Table 3). Interestingly only 2.6% of the genes 190 
(Fig. 2) in both genomes by COG were characterised as secondary metabolites biosynthesis, 
transport, and catabolism (Q), whereas antiSMASH analysis predicted that 20.7% of the genomes 
for both strains were involved in specialised metabolite production (Supplementary Table 4). A 
similar discrepancy (2.8% and 20.2%, respectively) in the two methods was also reported for the 
plant growth-promoting B. velezensis strain WRN014 (Wang et al., 2019). This may be due to 195 
genes predicted within a BGC by antiSMASH not being successfully categorized or directly linked 
with secondary metabolism using the COG database. In addition, antiSMASH analysis of the 
model biocontrol strain B. velezensis FZB42 also suggests that it has 20.4% of its genome 
dedicated to BGCs (data not shown) and this high percentage (approx. 1/5 of the genome) linked 





Genomic diversity of B. velezensis reveals sub-species structure 
A core-gene analysis and phylogeny were constructed to better understand the genomic diversity 
of the biological control species B. velezensis. An analysis of 292 genomes defined a total of 205 
26,965 genes, and a core genome composed of 1,301 genes. The average B. velezensis genome 
possessed 3,871 genes, indicating that, on average, 66.4% of the genes in each strain represent 
accessory functions. The core gene phylogeny of the 292 genomes broadly divided into four B. 
velezensis clades, with the B. velezensis type strain NRRL B-41580T and heterotypic synonym type 
strains, B. velezensis (formerly B. methylotrophicus) KACC 13105 and B. velezensis (formerly B. 210 
amyloliquefaciens subspecies plantarum) FZB42, representing distinct clades (Fig. 3; 
Supplementary Fig. S2). The fourth group (clade 1) was occupied by the closely related B. 
velezensis strains BY-2 and Tu-100 (Fig. 3; Supplementary Fig. S2). 
 
Specialised metabolite potential of B. velezensis based on biosynthetic gene cluster diversity 215 
Biosynthetic gene clusters were predicted for all 292 B. velezensis genomes to capture the 
potential of the species to synthesise specialised metabolites. Following the removal of 
fragmented BGCs, 4,563 BGCs were defined and subsequently de-replicated into 41 distinct BGCs 
(Fig. 4; see Supplementary File 1 for more details). Characterised specialised metabolite BGCs 
represented 15 of the 41 BGCs predicted across B. velezensis. A well-defined threshold was 220 
observed from this analysis that demarcated core BGCs, occurring in ≥90% of B. velezensis strains, 
and accessory BGCs, occurring in <90% of strains (Fig. 4). Only 12 BGCs (29%) were defined as 
core, while the remaining 29 BGCs (71%) constituted the accessory specialised metabolite 
capacity of the species. The majority of core BGCs (8 out of 12) were associated with known 
characterised antimicrobial metabolites, including iturin, fengycin, difficidin, and macrolactin H. 225 
Other known antimicrobial BGCs were accessory and occurred less frequently in B. velezensis Fig. 
4). The plantazolicin and mersacidin loci were carried by 20% and 12% of genomes, respectively; 
and the remaining 5 characterised BGCs (haloduracin, subtilin, amylocyclicin, locillomycin and 
bacitracin) each occurred in less than 3% of genomes examined (Fig. 4). The most populous 
metabolite classes of uncharacterized BGCs were lanthipeptides, 5 BGCs; non-ribosomal peptide 230 
synthetases (NRPS), 4 BGCs; and bacteriocins, 4 BGCs. Interestingly, there was also evidence of 
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two uncharacterised transAT-polyketide synthase (transAT-PKS) encoding BGCs, and a hybrid 
NRPS-transAT-PKS encoding BGC. A limited number of the accessory BGCs appeared to be B. 
velezensis clade specific, with the majority exhibiting a broad distribution across the phylogeny 
(Fig. 3). The phosphonate BGC was restricted to B. velezensis clade 2 comprising the B. velezensis 235 
type strain NRRL B-41580T. However, each of the remaining clade restricted metabolites, 
including the subtilin and locillomycin BGCs, only occurred in 8 or fewer genomes, as such, were 
sub-clade specific and not defining features of the broader phylogenetic clades. The two highly 
similar B. velezensis biocontrol strains BY-2 and Tu-100 possessed the same suite of specialised 
metabolite biosynthetic gene clusters as each other (Supplementary Table 4). In addition to the 240 
12 core BGCs defined above (Fig. 4), BY-2 and Tu-100 also carried 2 accessory BGCs, lanthipeptide 
(4) and the NRPS-transAT-PKS (Supplementary Table 4). A similar study was conducted on the 
genus Bacillus analysing 1,566 genomes, predicting 19,962 BGCs, and clustering similar BGCs 
(Grubbs et al., 2017). The prevalence of characterised specialised metabolite BGCs, relative 
abundance of metabolite classes, and existence of uncharacterised BGCs across multiple species 245 
were highlighted to understand natural product capacity of the genus (Grubbs et al., 2017). This 
study focussed mainly on the Bacillus cereus group species which represented 90% of the 
genomes analysed, and the remaining genomes outside the B. cereus group lacked 
representatives of B. velezensis. 
 250 
B. velezensis strains BY-2 and Tu-100 produce antifungal compounds 
To confirm if B. velezensis produces antifungal compounds in vitro an antagonism assay against 
two fungal plant pathogens was conducted. Clear bioactivity was observed for spent growth 
media of BY-2 and Tu-100 against the pathogens Sclerotinia sclerotiorum and Rhizoctonia solani 
(Supplementary Fig. S3). Interestingly, activity against the two pathogens was also observed for 255 
the pure lipopeptide iturin A (Supplementary Fig. S3), a compound known to be produced by B. 
velezensis (Dunlap et al., 2019) and encoded for in both the BY-2 and Tu-100 genomes. 
Previously, it was shown that Tu-100 contained the iturin gene cluster by PCR amplification of 
the ituC and ituD and that iturin could be detected in culture filtrates by thin layer 
chromatography (Hu et al., 2011). However, it is likely that the bioactivity of BY-2 and Tu-100 260 
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metabolites within the spent growth media was due to a mixture of compounds produced by 
several of the 14 BGCs detected in their genomes, which include known antifungal, antibacterial, 
and nematocidal metabolites: iturin, fengycin, surfactin, bacillaene, difficidin and bacilysin (Fig. 
4; Supplementary Table 4; (Caulier et al., 2019, Rabbee et al., 2019). 
 265 
Summary 
B. velezensis has emerged as a very promising biological control bacterium with multiple studies 
highlighting its ability to control crop pathogens and produce a multitude of antimicrobial 
metabolites. This impressive specialised metabolite repertoire has been defined by the presence 
of the metabolites themselves or their corresponding biosynthetic gene clusters in specific strains 270 
(Fan et al., 2017, Rabbee et al., 2019). Other studies have investigated the broader distribution 
of metabolite classes, such as the iturinic lipopeptides, across the entire Bacillus subtilis species 
complex (Dunlap et al., 2019), providing insights into the broader antimicrobial properties of B. 
velezensis and related species. In contrast, this study has explored the prevalence of known 
antimicrobial metabolite BGCs deposited in MiBIG across 292 B. velezensis genomes and 275 
highlighted the unexplored specialised metabolite potential through the prediction of 
uncharacterised BGCs. The detection of many known metabolites in B. velezensis, including iturin, 
plantazolicin, and amylocyclicin, was congruent with the literature (Rabbee et al., 2019). 
However, we also found evidence of other BGCs previously uncharacterized in B. velezensis, such 
as haloduracin and subtilin. Knowledge of the distribution of antimicrobial BGCs, and core versus 280 
accessory BGCs, will contribute to identifying optimal strains for use as biological control agents 










Data availability 290 
The genome sequences of Bacillus velezensis BY-2 and Tu-100 and have been deposited at the 
European Nucleotide Archive (ENA) under the project/study accession number PRJEB39303.  
 
Funding information 
This work was supported by grants from the National Natural Science Foundation of China 295 
(contract number: 31801311), the Agricultural Science and Technology Innovation Program 
(contract number: CAAS-ASTIP-2013-OCRI). AJM, EM and GW also acknowledge funding from the 
Biotechnology and Biological Sciences Research Council (BBSRC) award BB/S007652/1 to help 
support this project. 
 300 
Author contributions 
We describe author contributions to the paper using the contributor roles taxonomy (CRediT). 
Conceptualisation: AJM, YL, GW, XH, XL; Data curation: AJM, YL, LQ, XH, LX, CG, EM, XL, GW; 
Formal analysis: AJM, YL, XH, GW; Funding acquisition: XH, EM, XL; Investigation: AJM, YL, LQ, 
XH, LX, CG, GW; Methodology: AJM, YL, XH; Project administration: XH, EM, XL; Resources: XH, 305 
XL; Software: AJM; Supervision: XH, XL, GW; Validation: AJM, YL, XH, GW; Visualisation: AJM, YL, 
XH, GW; Writing - original draft preparation: AJM, YL, XH, GW; Writing – review and editing 
AJM, YL, LQ, XH, LX, CG, EM, XL, GW 
 
Conflicts of interest 310 






Figure 1. Pairwise average nucleotide identity analysis and core-gene phylogeny. (a) Bacillus 315 
strains BY-2 and Tu-100 were compared to representatives of the B. subtilis species complex 
clade II "B. amyloliquefaciens" operational group and the B. subtilis type strain ATCC 6051T (B. 
subtilis species complex clade I, operational group “B. subtilis”) using the ANI tool PyANI (ANIm). 
(b) A phylogeny was constructed using 313 core genes identified from the genomes used in the 
ANI analysis. Nodes are labelled with bootstrap values. Error bar represents substitutions per 320 
site. 
 
Figure 2. Visual representation and COG functional classification of the B. velezensis BY-2 and 
Tu-100 genomes. (a) B. velezensis BY-2 chromosome map and COG functional annotation of 
3,328 predicted proteins. (b) B. velezensis Tu-100 chromosome map and COG functional 325 
annotation of 3,309 predicted proteins. From outer circle to the center: CDS on forward strand 
(coloured according to COG categories listed in the bar chart); all CDS (blue) and RNA 
(brown/purple) genes on forward strand; all CDS (blue) and RNA (brown/purple) genes on 
reverse strand; CDS on reverse strand (coloured according to COG categories); GC content 
(black); GC skew (positive GC skew values are plotted in purple, and negative values are in green); 330 
scale bar. The map was generated using Circular Genome Viewer (CGView).  
 
Figure 3. Unrooted core gene phylogeny of B. velezensis. The phylogenetic tree was constructed 
based on an alignment of 1,301 core genes identified in 292 B. velezensis genomes. The 
phylogeny was divided into four broad clades and labelled: clade 4, B. velezensis FZB42 (formerly 335 
B. amyloliquefaciens subspecies plantarum); clade 3, B. velezensis KACC 13105 (formerly B. 
methylotrophicus); clade 2, B. velezensis type strain NRRL B-41580T; clade 1, B. velezensis strains 
BY-2 and Tu-100. The number of B. velezensis genomes in each clade are listed. 
 
Figure 4. Occurrence of distinct biosynthetic gene clusters in B. velezensis. Following 340 
biosynthetic gene cluster (BGC) prediction and de-replication, a total of 41 distinct BGCs were 
identified across 292 B. velezensis genomes. NRPS = Non-ribosomal peptide synthetase; PKS = 
14 
 
Polyketide synthase; LAP = Linear azol(in)e-containing peptides. The presence of an asterisk 
indicates BGCs that have been previously characterised. The natural demarcation of core 
specialised metabolite BGCs occurring in >90% strains is indicated by a dashed line. 345 
 
Supplementary Figure legends 
Supplementary Figure S1. Visual representation of B. velezensis (a) BY-2 and (b) Tu-100 
plasmids. From outer circle to the center: CDS on forward strand (coloured according to COG 
categories, see key); all CDS (blue) on forward strand; all CDS (blue) on reverse strand; CDS on 350 
reverse strand (coloured according to COG categories); GC content (black); GC skew (positive GC 
skew values are plotted in purple, and negative values are in green); scale bar. The map was 
generated using Circular Genome Viewer (CGView). 
 
Supplementary Figure S2. Core gene phylogeny of B. velezensis. The phylogenetic tree was 355 
constructed based on an alignment of 1,301 core genes identified in 292 B. velezensis genomes. 
The rooting clade was determined by a secondary phylogeny including Bacillus amyloliquefaciens 
type strain DSM 7T as an out group, based on an alignment of 1,267 core genes. The phylogeny 
was divided into four broad clades and labelled clades 1 to 4. Clade 1 contains B. velezensis strains 
BY-2 and Tu-100. 360 
 
Supplementary Figure S3. Inhibition of plant fungal pathogens by B. velezensis strains BY-2 and 
Tu-100 in an in vitro antagonism assay. (a) Assay with Sclerotinia sclerotiorum Ss-1 and (b) assay 
with Rhizoctonia solani Rs-2. (c) Heat map showing the mean inhibition zone (mm) for replicate 
antagonism assays (n =3). Iturin A = 1.0 mg ml-1 iturin A (Sigma), control = sterile distilled water. 365 
BY-2 and Tu-100 = spent LB media from the respective 48 h-old culture of B. velezensis biocontrol 
strain. 
 
Supplementary File 1. Table showing the full list of biosynthetic gene clusters and the Bacillus 







Supplementary Table 1.  Pairwise ANI and digital DDH between the two biocontrol strains and selected members of 
the Bacillus subtilis complex group, with their respective genome sizes. 
 
a Average nucleotide identity (ANI) values <95% indicates different species (Richter & Rosselló-Móra, 2009; Jain et 
al., 2018).  




Genome (accession number) 
Genome Size (Mbp) 
 
Pairwise ANI (%)a Pairwise dDDH (%)b 
TU-100 BY-2 Tu-100 BY-2 
Tu-100 3.95 - 100 - 99.7 
BY-2 3.97 100 - 99.7 - 
Bacillus velezensis NRRL B-41580T 
(LLZC00000000) 
4.03 97.8 97.8 79.5 79.6 
Bacillus velezensis FZB42 
(CP000560) 
3.92 97.8 97.8 80.0 80.1 
Bacillus velezensis KACC 13105 
(JTKJ00000000) 
3.89 97.8 97.8 79.7 79.7 
Bacillus amyloliquefaciens DSM 7T 
(FN597644) 
3.98 94.2 94.2 55.3 55.4 
Bacillus siamensis KCTC 13613T 
(AJVF00000000) 
3.78 94.4 94.4 56.6 56.7 
Bacillus subtilis ATCC 6051T 
(CP003329) 
4.29 84.4 84.4 20.8 20.8 
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Supplementary Table 2. Summary of genome assemblies for Bacillus velezensis biocontrol strains. 
 
Genome PacBio Sequencing 
depth (X) 
Contig Genome size (bp) Sequence 
type 
G + C 
content (%) 
Total predicted CDS 
BY-2 399 chromosome 3,972,886 circular 46.50 3915 
  plasmid 221,596 circular 37.12 317 
       
Tu-100 628 chromosome 3,951,143 circular 46.49 3893 
  plasmid 219,202 circular 37.16 314 
 




Supplementary Table 3. Summary of eggNOG (COG) classification of open reading frames (ORF) in the genome 
assemblies of Bacillus velezensis biocontrol strains. 
COG 
categories 









Cellular processing and signalling 
D Cell cycle control, cell division, chromosome 
partitioning 
31 0.93 31 0.94 
M Cell wall/membrane/envelope biogenesis 202 6.07 200 6.04 
N Cell motility 34 1.02 34 1.03 
O Posttranslational modification, protein 
turnover, chaperones 
98 2.94 98 2.96 
T Signal transduction mechanisms 136 4.09 137 4.14 
U Intracellular trafficking, secretion, and vesicular 
transport 
32 0.96 32 0.97 
V Defense mechanisms 65 1.95 65 1.96 
W Extracellular structures 1 0.03 1 0.03 
Y Nuclear structure 0 0 0 0 
Z Cytoskeleton 0 0 0 0 
- Subtotal ORFs 599 18.00 598 18.07 
Information storage and processing 
A RNA processing and modification 0 0 0 0 
B Chromatin structure and dynamics 0 0 0 0 
J Translation, ribosomal structure, and biogenesis 162 4.87 160 4.84 
K Transcription 264 7.93 264 7.98 
L Replication, recombination, and repair 143 4.30 141 4.26 
- Subtotal ORFs 569 17.10 565 17.07 
Metabolism 
C Energy production and conversion 179 5.38 179 5.41 
E Amino acid transport and metabolism 263 7.90 262 7.92 
F Nucleotide transport and metabolism 77 2.31 74 2.24 
G Carbohydrate transport and metabolism 225 6.76 223 6.74 
H Coenzyme transport and metabolism 114 3.43 112 3.38 
I Lipid transport and metabolism 91 2.73 91 2.75 
P Inorganic ion transport and metabolism 183 5.50 183 5.53 
Q Secondary metabolites biosynthesis, transport, 
and catabolism 
88 2.64 87 2.63 
- Subtotal ORFs 1,220 36.66 1,211 36.60 
Poorly characterised 
R General function prediction only 0 0 0 0 
S Function unknown 940 28.25 935 28.26 
- Subtotal ORFs 940 28.25 935 28.26 
Total 
- Total classified ORFS 3,328 100 3,309 100 
- Genes not in eggNOG database 587 - 584 - 
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Supplementary Table 4. Biosynthetic gene clusters present in B. velezensis BY-2 and Tu-100. 
 
aPredicted compound Molecule 
type 
Biosynthetic gene cluster bGenome location 
in BY-2 (Kbp) 
bGenome location 
in Tu-100 (Kbp) 
Unknown - NRPS-transAT-PKS 196 - 273 174 - 252 
Surfactin lipopeptide NRPS 345 - 410 324 - 388 
Unknown - PKS-like 934 - 976 913 - 954 
Terpene (1) terpene terpene 1,060 - 1,078 1,039 - 1,056 
Macrolactin H macrolide PK transAT-PKS 1,422 - 1,510 1,400 - 1,488 
Bacillaene polyene PK NRPS-transAT-PKS 1,731 - 1,841 1,709 - 1,819 
Fengycin/plipastatin lipopeptide NRPS 1,897 - 1,966 1,875 - 1,945 
Iturin/bacillomycin D lipopeptide transAT-PKS 1,966 - 2,031 1,945 - 2,009 
Terpene (2) terpene terpene 2,095 - 2,117 2,073 - 2,095 
Unknown - T3PKS 2,185 - 2,227 2,164 - 2,205 
Difficidin polyene PK transAT-PKS 2,342 - 2,448 2,320 - 2,426 
Bacillibactin bacteriocin NRPS 3,074 - 3,126 3,053 - 3,104 
Lanthipeptide (4) lanthipeptide lanthipeptide 3,290 - 3,316 3,268 - 3,295 
Bacilysin dipeptide other 3,638 - 3,679 3,616 - 3,658 
 
a Names of compounds in bold are encoded by core genes of B. velezensis (see Figure 4).  
b Genome locations are estimates based on antiSMASH output.  
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